Enterotoxigenic Escherichia coli (ETEC) remains a formidable cause of diarrheal illness worldwide. At present, there is no vaccine that provides broad-based protection against ETEC. A phoA-based self-cloning mutagenesis system, TnphoA.ts, employed to identify novel ETEC surface antigens, led to identification of an ETEC two-partner secretion locus (etpBAC) on the pCS1 virulence plasmid of prototype strain H10407. Cloning and expression of etpBAC in recombinant E. coli LMG194(pJY019) resulted in secretion of a high-molecularweight (HMW) glycosylated exoprotein. This glycoprotein, EtpA, exhibits linear peptide sequence and predicted structural homologies with known HMW adhesins produced by other two-partner secretion loci. Antibodies directed against recombinant EtpA (anti-rEtpA.6H) recognized an HMW protein in culture supernatants of ETEC strains H10407 and LMG194(pJY019) but not in culture supernatant of strain H10407-P, which lacks the 92-kb pCS1 plasmid, or an isogenic etpA mutant. etpA mutants were deficient in adherence to intestinal epithelial cells in vitro, and anti-rEtpA.6H antibodies inhibited association of H10407 with target epithelial cells. Cloning and expression of etpB in recombinant E. coli were sufficient to confer adherence. Screening of multiple ETEC isolates for the etpBAC locus by colony hybridization and by EtpA immunoblotting suggested that EtpA is one of the most common antigens secreted by these pathogens. Together, these results indicate that the newly identified ETEC two-partner secretion locus directs the secretion of a high-molecular-weight glycosylated protein, EtpA, that in concert with the putative EtpB transporter participates in adherence of H10407 to epithelial cells, thereby expanding the repertoire of potential ETEC virulence proteins and vaccine candidates.
Enterotoxigenic Escherichia coli (ETEC) remains one of the principal causes of infectious diarrhea in travelers and in children in developing countries (72) . ETEC is also an emerging cause of diarrheal illness in industrialized countries, including the United States (3, 6, 75) . The organisms belonging to this taxon have genetically diverse E. coli pathotypes characterized by the production of heat-labile enterotoxin and/or heat-stable enterotoxin. In the classic paradigm of ETEC infection, these organisms adhere to the small intestinal mucosa via fimbrial colonization factor (CF) molecules, where they elaborate heatlabile enterotoxin and/or heat-stable enterotoxin. While early studies indicated that immunization with CFs provides protection against ETEC infection, development of a broadly protective vaccine has been hampered by the antigenic heterogeneity of these molecules. However, the recent identification of additional ETEC surface molecules (32, 56, 68) suggests that the present pathogenesis paradigm is incomplete and consequently that there may be additional antigens that can be exploited in vaccine development.
Surface expression of virulence molecules by ETEC and other gram-negative pathogens requires export through the inner and outer membranes. In general, gram-negative export of virulence proteins occurs via a number of different types of secretion systems (types I to V). These systems range from very complex multimeric structures that require coordinated assembly of multiple proteins to simple systems consisting of a single protein, such as the autotransporters (type V) (42) . Autotransporters consist of three essential domains: an amino-terminal signal peptide, a passenger domain, and a carboxy-terminal transporter. In classical autotransporter molecules (type Va) the carboxy-terminal transporter is thought to form a hydrophilic channel composed of ␤ strands in the outer membrane. This pore in the outer membrane is required to export the amino-terminal passenger domain to the bacterial surface. To date, two autotransporters, TibA and EatA, have been described in ETEC (27, 68) .
A second set of type V secretion molecules (type Vb) are also involved in the secretion of large virulence proteins from gram-negative pathogens. In these systems the secreted exoproteins (generically referred to as TpsA proteins) and their requisite transporters (TpsB) are encoded on separate genes. Therefore, they have been referred to as "unlinked autotransporters" (41) or, perhaps more descriptively, two-partner secretion (TPS) pathways (42, 46) . A TPS pathway has been described in a variety of pathogens, including Bordetella pertussis (24, 57, 89) , Serratia marcescens (69, 79) , Proteus mirabilis (87) , and Haemophilus influenzae (4, 5) . Like the autotransporter passenger domains, the exoproteins secreted via the TPS systems play different roles, and a number of the proteins characterized to date function as adhesins (21, 35, 57, 73, 83, 88) or cytolysins (12, 69, 87) .
Some TPS proteins, such as filamentous hemagglutinin (FHA) of B. pertussis, and the high-molecular-weight (HMW) adhesins of H. influenzae, have been the subjects of considerable structural and functional characterization. However, there appear to be many potential TPS systems in other pathogens
which have yet to be characterized (45, 46) . Indeed, genes for many potential two-partner secretion pathways have been identified in the sequences of the genomes of a variety of pathogens (13, 46) . Here we describe identification of a twopartner secretion system in ETEC using a ЈphoA-based plasposon (23), TnphoA.ts ( Fig. 1) , which was developed to facilitate identification of secreted proteins.
MATERIALS AND METHODS

Media and strains.
A complete list of the plasmids and bacterial strains employed in this study is shown in Table 1 . 5-Bromo-4-chloro-3-indolyl-phosphate (p-toluidine salt) (XP) was prepared as a 20-mg/ml stock solution in N,N-dimethylformamide. Plates for detection of gene fusions with phoA contained XP at a final concentration of 40 g/ml and 100 g/ml ampicillin in a base medium composed of tryptone (1%), yeast extract (0.5%), and agar (1.5%) (58) .
Construction of a TnphoA-based plasposon. To construct a plasmid that would expedite isolation of TnphoA fusions to potential virulence genes in ETEC, we started with two existing plasmids, pmini-OphoA, which contains a Tn5-based transposon with the cognate transposase outside the inverted repeats (10) , and pST76-A, a temperature-sensitive suicide plasmid (70) . First, primers jf020904.1 (5Ј-GATCAGCCAGTGCCAAGC-3Ј) and jf020904.2 (5Ј-AAACCGGTTACC GATACAAGAGCCATAAGA-3Ј) were used to produce a 3,077-bp PCR product from pST76-A. The resulting amplicon was cloned into the EcoRV site of pSTBlue-1. The resulting plasmid, pJFF025, was then digested with BstEII and SacI, yielding a 2,983-bp fragment which was cloned into the corresponding sites of pmini-OphoA to construct the final plasposon. In this plasposon, pTnphoA.ts, the gentamicin resistance cassette and the pMB1/ColE1 origin of replication located between the inverted repeat elements of pmini-OphoA were replaced by the beta-lactamase gene and the conditional temperature-sensitive origin of replication from pST76-A.
Generation of TnphoA.ts mutants in ETEC. ETEC strain H10407 was transformed with pTnphoA.ts by electroporation. Ampicillin-resistant colonies obtained after overnight growth on Luria agar plates containing 100 g/ml of ampicillin at 30°C were pooled and used to inoculate Luria broth (LB) containing ampicillin (100 g/ml), which was incubated overnight at 30°C. After 1:2 dilution in 50% glycerol, this stock (jf1181) was frozen at Ϫ80°C, and it was subsequently used as the starting material for generation of mutants.
Briefly, 2-ml aliquots of LB containing ampicillin (100 g/ml) were inoculated with jf1181 and incubated overnight at 30°C and 250 rpm. The following morning cultures were diluted 1:100 in fresh medium and grown for 90 min at 30°C, after which the cultures were again diluted 1:100 and 100-l aliquots were plated onto multiple XP plates. Plates inoculated in this way were then incubated at 37°C overnight. Blue colonies selected from these plates were streak purified on fresh XP plates, and isolated colonies were subsequently used to inoculate 96-well plates containing LB with ampicillin. Total genomic DNA isolated from these colonies was digested with a restriction endonuclease (e.g., MluI), ligated, and used to transform E. coli DH10BT1 to ampicillin resistance after growth at 30°C. Plasmid DNA isolated from the resulting Amp r transformants was digested with the corresponding enzyme and subjected to agarose gel electrophoresis. Plasmids exhibiting a single band at Ն5 kb were then used as templates in DNA sequencing reactions. The DNA sequence upstream from the ЈphoA region of the transposon was then screened for unique sequences not present in the E. coli K-12 strain MG1655 genome (9) by BLASTN searches.
DNA sequencing of the etpBAC locus. The focus of these studies, TnphoA.ts mutant 220, was 1 of approximately 250 colonies generated in an initial screening analysis. Plasmid DNA from this mutant was generated as described above following initial digestion of the genomic DNA with MluI. Digestion of the resulting plasmid, pJML001, yielded a single HMW band at approximately 12 kb. To obtain DNA sequences immediately upstream and downstream of the transposon insertion cloned in pJML001, we employed primers TnphoA.179 (5Ј-CC ATCCCATCGCCAATCA-3Ј) and TnphoA.ts1 (5Ј-CGAAATTAATACGACT CA-3Ј), respectively. Additional DNA sequence from this locus was obtained by a combination of primer walking and generation of additional templates using in vitro Tn7 transposition of the GPS1.1 and GPS2.1 transprimers (New England Biolabs) into pJML001. Templates generated in this way were then sequenced using primers N (5Ј-ACTTTATTGTCATAGTTTAGATCTATTTTG-3Ј) and S (5Ј-ATAATCCTTAAAAACTCCATTTCCACCCCT-3Ј). To sequence through the repeat regions of etpA, this gene was first amplified using primers jf011005.1 (5Ј-CGGAATTCAATGAACCGTATATATAAA-3Ј) and jf011005.2 (5Ј-GAAG ATCTTTGCCAGTACACCTCACT-3Ј) and cloned into the EcoRV site of pT7Blue-3 to create pJY017. This plasmid contained unique vector BamHI and SphI sites that were located 18 and 39 bp downstream from the 3Ј end of etpA, respectively. Following restriction endonuclease digestion with these enzymes, approximately 2.5 g of the linearized DNA was digested with exonuclease III at 37°C, which removed aliquots at 30-s intervals. Each aliquot was then treated with S1 nuclease, repaired with the Klenow fragment, and ligated with T4 DNA ligase. The resulting plasmids having progressive deletions from the 3Ј end of etpA were then sequenced using vector primer R-20 (5Ј-CAGCTATGACCATGATT ACG-3Ј). All sequencing was performed with an Applied Biosystems 373 automated sequencer and were edited and assembled with Sequencher 3.0 (GeneCodes, Ann Arbor, MI).
DNA and protein sequence comparisons: Clustal alignment. Protein sequences were aligned by using ClustalW (http://www.ch.embnet.org/software/ClustalW.html), and resulting alignments were shaded for similarity using Boxshade 3.2.1 (http://www .ch.embnet.org/software/BOX_form.html).
Molecular cloning. To generate a recombinant expression plasmid containing orf1 (etpB), primers jf102604.1 (5Ј-CCCAAGCTTGTGGTGAAATTCATGTCA-3Ј) and jf102604.3 (5Ј-GCGAATTCGAACGTTTTCAGGGCTGA-3Ј) were used to amplify an 1,819-bp fragment which was cloned into the EcoRV site of pT7Blue-3 to create pJMF1001. The corresponding HindIII/EcoRI insert fragment from pJMF1001 was then directionally cloned into the corresponding sites in pFLAG-CTC (Sigma). The resulting plasmid, pJMF1002, contained etpB minus its native stop codon to form an in-frame gene fusion with the region of pFLAG-CTC encoding the FLAG epitope tag. pJMF1002 was sequenced with primers N-26 (5Ј-CATCATAACGGTTCTGGCAAATATTC-3Ј) and C-24 (5Ј-CTGTATCAGGCTGAAAATCTTCTCTC-3Ј) to verify the construct.
To construct an etpA-polyhistidine tag gene fusion, the etpA gene minus its native stop codon was amplified using primers jf092804.1 (5Ј-CGGGATCCAT GAACCGTATATATAAA-3Ј) and jf092804.2 (5Ј-CCGCTCGAGTTGCCAGT ACACCTCACT-3Ј). Following digestion with BamHI and XhoI, the resulting 3,269-bp amplicon was cloned into the corresponding sites on pET30a(ϩ) in frame with the polyhistidine tag coding region to create pJY005. DNA sequencing of pJY005 was performed using the T7 and SP6 vector primers to ensure that the insert encoding the etpA fragment was in frame with the polyhistidine tag.
To construct an EtpA expression plasmid, a 5,308-bp EcoRI-BglII etpA fragment from pJY017 was directionally cloned into the corresponding sites of pFLAG-CTC, placing etpA in frame with a FLAG epitope coding sequence to create pJY035.
Finally, primers jf031505.1 (5Ј-AATAATCTCGAGAATGGTGGTGAAATT CATG-3Ј; XhoI site underlined) and jf031505.2 (5Ј-AATAATAAGCTTTCAT TCGGCACCCTCCTC-3Ј; HindIII site underlined) were used to amplify the entire etpBAC locus for cloning into the corresponding restriction sites on pBAD/Myc-His A to create pJY019.
Construction of deletion mutants. To construct an isogenic etpA mutant, an amplicon with an in-frame etpA deletion was first constructed by PCR. Primers jf092504.1 (5Ј-GCATGCCGCGTACCGGCAGACAGT-3Ј) and jf092704.4 (5Ј-ATGAACCGTATATATAAAATTACTCTTACCGGGAAC-3Ј) were used to generate a 1,167-bp amplicon which included the first 6 codons and last 12 codons of the predicted etpA open reading frame (ORF) and 1,065 bp of DNA sequence downstream from the stop codon of this gene. Next, the reverse complement of jf092704.4, primer jf092704.5 (5Ј-GTTCCCGGTAAGAGTAATTTTA TATATACGGTTCAT-3Ј), and primer jf100104.5 (5Ј-GCCTCTCCCTGCTGCT GA-3Ј) were used to generate a 1,308-bp amplicon with the reverse complement of the etpA deletion and 1,272 bp of upstream flanking sequence. The products of these two reactions were combined as the template DNA in a third PCR using the jf100104.5 and jf092504.1 flanking primers, which resulted in a 2,400-bp amplicon that was cloned into pT7Blue-3, yielding pJY001. pJY001 was then sequenced with primers U-19 (5Ј-GTTTTCCCAGTCACGACG T-3Ј) and R-20 (5Ј-CAG CTATGACCATGATTACG-3Ј) to verify the deletion constructed. Next, a 2,113-bp SphI insert fragment from pJY001was cloned into the corresponding site of pCVD442 to obtain the suicide plasmid pJY028. SM10pir(pJY028) was then used to introduce the suicide plasmid into H10407-S to construct the in-frame deletion by double homologous recombination, as previously described (25) . Resulting Amp s Sm r colonies were then examined by PCR and Southern blotting to confirm construction of the in-frame deletion.
To construct an etpC deletion mutant, a -Red recombinase-based method was employed, as previously described by Datsenko and Wanner (22) . Briefly, the -Red recombinase expression plasmid pKD46 was introduced into wild-type strain H10407 by electroporation, followed by selection on ampicillin (100 g/ml) at 30°C. Primers jf093005.1 (5Ј-GCTGCAGGGCGCACGCTACCGGTTAATTTTTCGTA TTCAGGAGTGTAGTGTAGGCTGGAGCTGCTTC-3Ј) and jf093005.2 (5Ј-TTC 
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GGCACCCTCCTCCTGACGATGGCTACGCGCCTCCCACAACTGCCAATT CCGGGGATCCGTCGACC-3Ј) were used to amplify a 1,398-bp PCR product containing etpC flanking sequences (underlined) and a cassette containing kanamycin resistance and FLP recombinase target sites from pKD13. The resulting amplicon was electroporated into H10407(pKD46), and this was followed by selection on kanamycin (25 g/ml) at 37°C. Km r Amp s colonies were then tested by performing a three-primer PCR with etpC flanking primers jf091504.1 (5Ј-TGATGAA GAGGGCAACTG-3Ј) and jf031505.2 (5Ј-TCATTCGGCACCCTCCTC-3Ј) and primer K2 (5Ј-CGGTGCCCTGAATGAACTGC-3Ј) (22) .
Southern hybridization. An etpA gene probe was amplified from H10407 using primers jf011005.1 (5Ј-ATGAACCGTATATATAAA-3Ј) and jf011005.2 (5Ј-TT GCCAGTACACCTCACT-3Ј), and the resulting amplicon was then labeled by random primer labeling with digoxigenin (DIG)-UTP (44) . Hybridization with plasmid DNA digested with SphI or genomic DNA digested with MluI was carried out under stringent conditions without formamide.
Colony hybridization. In colony hybridization studies to screen for the presence of etpBAC, DNA probes were amplified using the following primer sets: for etpA (3,257 bp), jf011005.1 (5Ј-ATGAACCGTATATATAAA-3Ј) and jf011005.2 (5Ј-TTGCCAGTACACCTCACT-3Ј); for etpB (1,812 bp), jf102604.1 (5Ј-CCCA AGGTGGTGAAATTCATGTCA-3Ј) and jf102604.2 (5Ј-GGAATTCTCAGAA CGTTTTCAGGGCTGA-3Ј); and for etpC (1,495 bp), jf092104.1 (5Ј-CCTGAA CGCGGATAACCT-3Ј) and jf031505.2 (5Ј-AATAATAAGCTTTCATTCGGC ACCCTCCTC-3Ј). Products were labeled by random primer labeling with digoxigenin and used in hybridization studies carried out as previously described (68, 77) under stringent conditions without formamide.
Adhesion assays. The Caco-2 (33) and HCT-8 (86) intestinal cell lines used in the adhesion assays were obtained from the American Type Culture Collection. Each cell line was propagated by using American Type Culture Collection protocols. On the day prior to assays, cells were split at a ratio of approximately 1:2, and the resulting cell suspensions were used to inoculate individual wells of 96-well tissue culture plates. Bacteria were grown overnight in 2 ml of LB with appropriate antibiotics and then diluted 1:100 on the morning of the experiment and grown for 90 min to the mid-logarithmic growth phase. Organisms were then added to wells of the tissue culture plates in triplicate at a multiplicity of infection (MOI) of approximately 10:1 (26) . After 1 h the monolayers were washed with tissue culture medium and then exposed to 0.1% Triton X-100 in phosphatebuffered saline for 5 min. Triton X-100 lysates containing total cell-associated bacteria were then diluted 1:10 in phosphate-buffered saline and plated onto Luria agar. To determine the number of intracellular bacteria, monolayers were washed three times with RPMI and then incubated with medium containing gentamicin (100 g/ml) for 2 h. After washing to remove gentamicin, bacteria released by Triton X-100 lysis were plated onto Luria agar. The number of bacteria that remained cell associated relative to the inoculum was then determined by determining the number of CFU. The data were expressed as the percentage of organisms recovered per CFU/inoculum. Alternatively, monolayers were fixed with methanol and stained with Giemsa stain, and the number of adherent bacteria/cell was determined by microscopic examination. In antibody inhibition experiments, antibodies were added to wells at the appropriate dilution immediately prior to introduction of the bacteria.
Antibody production. Following expression of E. coli BL21(DE3)(pJY005) and purification of recombinant polyhistidine-tagged EtpA (rEtpA.6H) by Ni affinity chromatography, the resulting 110-kDa protein was used to immunize two New Zealand White rabbits, as previously described (31) . Polyclonal rabbit antisera were absorbed on an E. coli lysate column (Pierce Biotechnology) and subsequently incubated with lyophilized E. coli AAEC191-A to remove crossreacting antibodies. Additional preparative purification of antibodies from both preimmune and immune sera was performed using protein G column chromatography (HiTrap Protein G HP; Amersham Biosciences).
For affinity purification of anti-EtpA antibodies we employed rEtpA.6H protein immobilized on nitrocellulose membranes. Following separation by sodium dodecyl sulfate-polyacrylamide gel electrophoresis (SDS-PAGE), recombinant protein was transferred to nitrocellulose, and the membrane was blocked with 1% bovine serum albumin in Tris-buffered saline for 1 h at room temperature. Nitrocellulose strips with the immobilized antigen were then incubated with a 1:10 dilution of anti-EtpA rabbit polyclonal antibody overnight at 4°C. The antibody was eluted with 1 ml of 0.1 M glycine (pH 2.7) for 15 min at room temperature. The eluate was sterile filtered and concentrated 50-fold using a 10,000-molecular-weight cutoff centrifugal concentration filter.
Immunoblotting and detection of glycoproteins. To identify FLAG epitopetagged EtpA molecules in culture supernatants, proteins were first concentrated by precipitation with trichloroacetic acid (TCA). Briefly, 750 l of cold TCA (20%) was added to an equal volume of supernatant from an overnight culture, incubated on ice for 30 min, and centrifuged at 4°C and 15,000 ϫ g for 15 min, and the supernatant was discarded. The resulting pellet was washed twice with 500 l of ice-cold acetone, air dried, and resuspended in 10 l of 1 M Tris (pH 7.4). Concentrated proteins were separated by SDS-PAGE (54) and transferred to nitrocellulose. Mouse monoclonal antibody M2 (Sigma) directed against the FLAG octapeptide (N-Asp-Tyr-Lys-Asp-Asp-Asp-Asp-Lys-C) was used at a dilution of 1:1,000, followed by horseradish peroxidase-labeled goat anti-mouse antibodies (Pierce) at a dilution of 1:80,000. To detect native EtpA secreted into culture supernatants, immunoblotting was performed using preabsorbed rabbit polyclonal anti-rEtpA.6H sera (1:2,000) and goat anti-rabbit immunoglobulin G(Fc)-horseradish peroxidase (1:60,000; Pierce). All blocking and incubation steps were performed at room temperature in Tris-buffered saline (pH 7.4) containing 0.05% Tween 20 and 5% milk. Detection was carried out with a luminal-based chemiluminescent substrate (SuperSignal; Pierce).
After separation by SDS-PAGE and transfer to nitrocellulose, glycoproteins in culture supernatants were detected using DIG-glycan reagents (39, 50, 66) (Roche). Briefly, carbohydrate residues were first oxidized with 10 mM sodium metaperiodate in sodium acetate buffer (pH 5.5) and then labeled with DIG-0-3-succinyl-ε-aminocaproic acid hydrazide. DIG-labeled proteins were then detected with alkaline phosphatase conjugated to anti-digoxigenin antibodies using a 4-nitroblue tetrazolium chloride-5-bromo-4-chloro-3-indolyl-phosphate solution as the substrate.
Fractionation of bacterial cells. To obtain whole-cell lysates of bacteria, overnight cultures were centrifuged to pellet bacteria, and the pellets were solubilized in nonionic detergent in 20 mM Tris-HCl (pH 7.5) (B-PER; Pierce). The bacterial membranes were fractionated by solubilization of inner membranes in Triton X-100, followed by isolation of outer membrane proteins by ultracentrifugation as previously described (81) .
Nucleotide sequence accession number. Nucleotide data for the etpBAC locus have been deposited in the GenBank database under accession number AY920525.
RESULTS
Identification of a two-partner secretion locus by TnphoA.ts mutagenesis. Initial DNA sequencing of the region interrupted in TnphoA.ts mutant 220 using primers TnphoA.179 and TnphoA.ts1 revealed no homology to E. coli K-12. Further sequencing of this locus revealed three candidate ORFs in the same transcriptional orientation, as shown in Fig. 2 . BLASTP analysis (2) of the predicted proteins suggested that this locus may encode a two-partner secretion pathway (46) ( Table 2) .
The middle ORF, etpA, interrupted by the transposon insertion in mutant 220, encodes a predicted protein having a molecular mass of approximately 177 kDa which exhibits homology with a family of secreted high-molecular-weight proteins exemplified by the HMW adhesins previously identified in nontypeable H. influenzae strains (83) ( Table 2 ). EtpA exhibits significant homology with HmwA-like putative adhesin proteins from Yersinia pestis (67) and Yersinia pseudotuberculosis (16) and the RscA protein of Yersinia enterocolitica (64) . EtpA has a putative secretion domain in its amino terminus (Table  2 ). This domain is found at the amino-terminal end of a variety of known adhesins, including HMW 1A (4, 5) , and filamentous hemagglutinin of B. pertussis (74) . In this conserved aminoterminal domain is an Asn-Pro-Asn-Gly-Val sequence (Fig. 3 ) similar to the Asn-Pro-Asn-Gly-Ile motif found in many exoproteins secreted via a two-partner secretion pathway (46) . Mutagenesis of this similar motif in other TpsA proteins interferes with their secretion (82) and/or release (84) from the bacterial cell.
The carboxy-terminal region of EtpA (from S 648 to G 1706 ) consists of a series of repeated domains (Fig. 3) . Four repeats that are approximately 226 amino acids long are preceded by a single 173-residue partial repeat beginning at S 684 .
Additional in silico analysis of EtpA suggested that there is structural similarity to a number of bacterial virulence proteins and predicted that EtpA assumes a ␤-helical conformation. Examination of the predicted EtpA peptide with BetaWrap (http://betawrap.lcs.mit.edu/), a program which scores primary amino acid sequences for compatibility with right-handed betahelix supersecondary structure, yielded highly significant results (P ϭ 7.8 ϫ 10 Ϫ05 ). Interestingly, this predicted structure appears to be common among bacterial virulence proteins, including the passenger domain of the B. pertussis autotransporter pertactin (28) , but it is found only infrequently in most other protein sequences (11) . Similarly, analysis of the EtpA peptide with the 3D-PSSM algorithm (http://www.sbg.bio.ic.ac .uk/servers/3dpssm/) (47) yielded similar structural predictions, again suggesting that there is a ␤-helical structure similar to that of pertactin.
The etpB gene, immediately upstream from etpA, encodes a predicted 61.7-kDa protein that exhibits considerable homology with Enf (Table 2) catalyze the transfer of N-acetylglucosamine (GlcNAc) from UDP-GlcNAc to target Ser/Thr residues (38). Flanking the locus described above are potential mobility elements, including an upstream ORF with homology to ORF 121 from IS91 (62) . Downstream from this locus is a copy of IS1414 (61), which contains a copy of astA, the gene for EAST1 (78) in the putative transposase. Because of the close proximity of these potential mobility elements to the etpBAC locus and because other organisms may have more than one closely related TPS locus, such as HMW1 and HMW2 of H. influenzae (5), we sought to determine whether a single copy of the etpBAC locus was present. As shown in Fig. 2 , Southern blotting of both plasmid and total genomic DNA from H10407 yielded single bands when the DNA was hybridized with an internal etpA gene probe. These bands were absent after hybridization with DNA obtained from H10407-P, which lacks the large 92-kb pCS1 virulence plasmid, suggesting that a single copy of etpBAC is in this extrachromosomal element.
Taken together, these data suggested that the genes in this locus are dedicated to the formation of a TPS pathway. Therefore, additional studies were undertaken to explore the validity of this suggestion.
Secretion of EtpA.
Because the predicted peptide encoded by etpA exhibits significant homology with a number of secreted proteins, we performed experiments to examine the secretion of EtpA. As shown in Fig. 4 , antisera raised against a recombinant polyhistidine-tagged EtpA fragment (rEtpA.6H) reacted with an HMW specimen in immunoblots of TCAprecipitated culture supernatants from the H10407 wild-type strain but not in immunoblots of TCA-precipitated culture supernatants from jf1289, an isogenic etpA deletion mutant, suggesting that EtpA is in fact secreted. Restoration of the etpA gene in trans as a FLAG epitope fusion on expression plasmid pJY035 restored secretion of a protein that could be detected either with anti-EtpA antisera (Fig. 5A) or with monoclonal antibodies directed against the FLAG epitope (not shown). Supernatants from H10407-P did not contain a similar reactive protein.
Furthermore, cloning and expression of the etpBAC locus in a recombinant E. coli background, LMG194(pJY019), were sufficient to produce the HWM protein in culture supernatant that was recognized by anti-EtpA antisera on Western blots (Fig. 4A) .
Although EtpA could be identified easily in concentrated supernatant from H10407, only a small amount of this protein was detected on immunoblots of whole-cell lysates, and we were not able to detect EtpA in outer membrane preparations of this strain (not shown). These findings suggest that the secretion of EtpA is quite efficient and that this exoprotein may be only transiently associated with the bacterial cell surface.
etpBAC locus directs secretion of a high-molecular-weight glycosylated exoprotein. Based on their sequence homology to proteins involved in secretion of high-molecular-weight glycoproteins by H. influenzae, we predicted that the proteins encoded by the etpBAC locus would also result in the export of a large glycosylated molecule (35) . Indeed, as shown in Fig. 4B , we identified HMW glycoprotein in culture supernatants from LMG194(pJY019) and the H10407 parent strain. This glycoprotein was absent in TCA-precipitated supernatants obtained from H10407-P and the isogenic etpA deletion mutant, jf1289.
Role of the etpBAC locus in adherence of ETEC to cultured intestinal epithelial cells. Because EtpA exhibits homology with a number of previously identified TpsA exoproteins that have been shown to function as adhesins, we tested the ability of etpA mutants to adhere to cultured epithelial cells. As shown FIG. 3 . Molecular features of EtpA. The predicted EtpA sequence lacks a traditional signal sequence at the amino terminus. The NPNGV sequence at residues 150 to 154 is nearly identical to the NPNGI sequence found at the same location in the homologues RscA (64) and HmwA (14) and is similar to Asn-Pro-Asn motifs found to be involved in secretion of less closely related proteins, such as ShlA (46, 82) . A search of the peptide sequence using the RADAR (40) (http://www .ebi.ac.uk/cgi-bin/radar/radar) and REPRO (34) (http://ibivu.cs.vu.nl /programs/reprowww/) algorithms revealed the presence of several repeat regions in the carboxy-terminal region of the molecule. Four major repeat units (ϳ226 residues) are preceded by a 173-amino-acid partial repeat beginning at residue S 648 .   FIG. 4 . Identification of secreted, glycosylated forms of EtpA in TCA-precipitated culture supernatants. (A) Immunoblot of supernatants from H10407, H10407-P, the isogenic ⌬etpA strain jf1289, recombinant E. coli LMG194(pJY019) expressing the etpBAC locus, and the vector control LMG194(pBAD) using polyclonal rabbit primary antibodies directed against rEtpA.6H. (B) Detection of glycoproteins in concentrated supernatants using digoxigenin-glycan reagents. The strains examined were recombinant E. coli LMG194 carrying the etpBAC expression plasmid pJY019, the same strain with a control plasmid (pBAD), the isogenic etpA deletion mutant jf1289, wild-type strain H10407, and H10407-P. Transferrin (arrow) was included as a positive control for detection of glycoprotein. The arrowhead on the right indicates the position of EtpA. in Fig. 5A , jf1289 did not adhere as efficiently to cultured HCT-8 cells as the H10407 wild-type strain adhered (P ϭ 0.02), while complementation of the etpA deletion in trans with pJY035 encoding a FLAG epitope-tagged version of EtpA restored this phenotype to wild-type levels (P ϭ 0.015 for a comparison of the etpA deletion strain and the complemented mutant). To ensure that bacteria were actually cell associated and not adherent to the wells, the experiments included controls in which the same number of organisms was used to inoculate wells containing no target epithelial cells. We routinely failed to recover any bacteria from these wells (data not shown). In addition, Giemsa staining of monolayers (Fig. 5B) following infection with either the wild type or the etpA mutant at an MOI of 10 resulted in identification of approximately 0.8 Ϯ 0.02 wild-type bacterium per epithelial cell, compared to 0.12 Ϯ 0.04 organism/cell for the mutant (P ϭ 0.002). An increase in the MOI to 100:1 resulted in 3.3 Ϯ 1.1 wild-type organisms/cell, compared to 0.29 Ϯ 0.06 mutant bacterium/cell (P ϭ 0.046).
To further determine whether EtpA might play a role in mediating adherence to epithelial cells, we tested the ability of antibodies directed against recombinant EtpA (rEtpA) to inhibit adherence by the ETEC strain H10407 prototype. As shown in Fig. 5C , anti-rEtpA.6H antisera dramatically inhibited association of the wild-type strain with target HCT-8 cells compared to the results obtained with identical concentrations of preimmune sera from the same rabbit. Similar results were obtained using Caco-2 cells or using affinity-purified anti-EtpA antibodies (data not shown). These data suggest that EtpA, like its molecular TpsA homologues, promotes pathogen-host cell interaction. Expression of the entire etpBAC locus (on pJY019) in recombinant E. coli strain LMG194 was sufficient to promote adherence to HCT-8 cells. After induction of LMG194(pJY019) with 0.0002 mM arabinose, 0.44% Ϯ 0.04% of the organisms added to HCT-8 monolayers were recovered in adherence assays, which was significantly more than the value for the recombinant vector control strain, LMG194(pBAD/Myc-His A), for which no bacteria were recovered (P ϭ 0.001), but was less than the value for wild-type ETEC strain H10407 (0.89% Ϯ 0.08) (P ϭ 0.01).
Each of the bacterial glycoprotein adhesins described to date appears to require glycosylation to effectively promote adherence in vitro (8, 35, 56) . To investigate the potential role of posttranslational modification of EtpA by glycosylation in the adherence phenotype, we constructed a deletion in etpC. As predicted by the homology of EtpC to HmwC, a protein involved in glycosylation of the HmwA adhesin of H. influenzae, etpC deletion mutants produced nonglycosylated EtpA (Fig.  6A and B) . Interestingly, we found that the adherence phenotype of etpC glycosylation mutants was strikingly dependent on the target intestinal cell line employed. Consistent with the observation that glycosylation of HmwA is required for adherence in vitro, we found that etpC deletion mutants were less likely to associate with Caco-2 cells than the wild type was (Fig.  6C) . However, the same mutants were actually hyperadherent when HCT-8 cells were used in the assays. This hyperadherent phenotype was due entirely to an increase in adherence as the numbers of organisms that survived gentamicin treatment were quite small and were not significantly different for the wild type and the mutant (6.31E-02% Ϯ 1.80E-02% and 4.85E-02% Ϯ cell. An asterisk indicates that the P value is Ͻ0.01, a dagger indicates that the P value is Ͻ0.05, and ns indicates not significant, as determined by a two-tailed Student t test for paired samples.
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8.10E-03%, respectively). These data suggest that EtpA may mediate adherence to different receptors in a process that is differentially modulated by glycosylation. As noted above, the predicted protein encoded by etpB exhibits considerable homology with Enf, a recently identified outer membrane protein adhesin of enteroaggregative E. coli (63) . Indeed, when etpB was cloned and expressed in a recombinant E. coli background, rEtpB was largely localized to the outer membrane (Fig. 7A ) and conferred the ability to adhere to cultured epithelial cells of gastrointestinal origin. A laboratory strain of E. coli (NovaBlue) bearing pJMF1002 exhibited marked increases in adherence to Caco-2 cells compared to the control strain bearing the expression plasmid vector pFLAG-CTC (Fig. 7B) , suggesting that EtpB, independent of its possible function as a TpsB transporter for EtpA, might promote adherence similar to that promoted by the highly homologous Enf afimbrial adhesin. Interestingly, a BLAST-X search of the 192 bp of DNA sequence downstream from the enfA gene available in GenBank accession no. AF196977 indicated the beginning of an ORF that, when translated, exhibited homology to TpsA exoproteins, including the HMW adhesins of H. influenzae (data not shown), raising the possibility that Enf might also be part of a TPS pathway.
Multiple ETEC strains secrete the EtpA glycoprotein. The identification of genes encoding potential mobility elements adjacent to etpBAC led us to examine the prevalence of this locus in other E. coli strains. In screening for the etpBAC locus by DNA hybridization, we examined a variety of diarrheagenic clinical E. coli isolates from different pathotypes, including enterotoxigenic E. coli, enteropathogenic E. coli, enteroaggregative E. coli, enteroinvasive E. coli, and enterohemorrhagic E. coli. We detected hybridization signals from many of the ETEC strains in our initial collection with all three probes FIG. 6 . Role of EtpC in posttranslational modification of EtpA and interaction with target epithelial cells. (A) Digoxigenin-glycan blot of TCA-precipitated supernatants, demonstrating the absence of EtpA glycoprotein in EtpC mutants jf1358 and jf1370 containing only the pFLAG-CTC vector plasmid. Production of EtpA glycoprotein was restored in etpC mutants containing plasmids expressing EtpC (pJY039) or EtpC-FLAG (pJY040) following induction with 0.1 mM IPTG. EtpC overexpression at this IPTG concentration affected cell viability and led to appearance of EtpC in culture supernatants. (B) Anti-FLAG immunoblot demonstrating expression of epitopetagged EtpC in the complemented strain jf1358(pJY040). (C) Association of the wild type and etpC mutants with target HCT-8 or Caco-2 intestinal epithelial cell lines. jf1399 was jf1358 complemented with etpC expression plasmid pJY039, and jf1400 was jf1358 complemented with pFLAG-CTC vector plasmid. Assays were performed following induction of bacteria with 0.00001 mM IPTG. Asterisks indicate the results for comparisons with H10407 data for the same cell line, as determined by Student's t test (one asterisk, P Ͻ 0.05; two asterisks, P Ͻ 0.01).
FIG. 7.
EtpB is localized to the outer membrane and promotes adherence. (A) Localization of recombinant EtpB-FLAG to the outer membrane of recombinant E. coli in strain Novablue(pJMF1002). om, outer membrane; im, inner membrane and cytosol; lysate, whole-cell lysate fractions probed with anti-FLAG antibody. The cloned etpB gene promoted association of recombinant E. coli with cultured Caco-2 intestinal epithelial cells. Recombinant E. coli NovaBlue containing either the vector plasmid [NB(pFLAG-CTC)] or the etpB expression plasmid [NB(pJMF1002)] was grown to the mid-logarithmic phase with or without IPTG induction and was then used to infect semiconfluent Caco-2 cell monolayers at an MOI of ϳ10. After incubation for(etpB, etpA, and etpC) ( Table 3) , while no signal was detected in colony hybridizations of enteroaggregative E. coli, enteroinvasive E. coli, enteropathogenic E. coli, or enterohemorrhagic E. coli strains (Table 4 ). These findings suggested that the locus is unique to ETEC.
Immunoblotting studies to detect EtpA in concentrated supernatants from these strains corroborated the results of our hybridization analysis, since only strains that hybridized with all three probes secreted EtpA (Fig. 8) . Although some ETEC strains, such as B7A and DS300-1, yielded a positive signal with the etpA gene probe, there was no detectable hybridization with either the etpB or etpC probes, and these strains did not secrete EtpA. Production of HMW glycoprotein by ETEC paralleled the results of immunoblotting experiments since all of the strains exhibiting immunoreactivity with anti-EtpA antibodies also produced a glycoconjugate having the same molecular weight (Fig. 9) . Interestingly, several EtpA-negative strains, such as ETEC-10, ETEC-13, ETEC-15, and ETEC-26, yielded a weakly reactive species as determined by DIG-glycan analysis, raising the possibility that these strains may produce other exported HMW glycoproteins. Altogether, 59% (10/17) of CFAI-expressing strains, 56% (10/18) of CFAII-expressing strains, and 75% (3/4) of strains expressing CS14 or CS17 expressed EtpA or reactive proteins with a molecular weight identical to that of EtpA. However, strains expressing CS4, CS5, or CS6 (CFAIV strains) were negative as determined by Western blotting. In supernatant from a single ETEC strain, DS97-2 (CFAI, heat-stable enterotoxin, serotype O153:nm), anti-EtpA antibodies identified a protein whose molecular weight was significantly different than that of EtpA.
DISCUSSION
Although a large number genes encoding potential TPS systems have been identified through DNA sequencing of microbial genomes, only a limited number of TPS molecules have been fully characterized so far. Of the few TPS systems that have been characterized, most have been shown to play a role in adhesion (5, 74, 76) or cytolysis (43, 69, 87) , while the hxuCBA locus of H. influenzae appears to be involved in iron acquisition (18) (19) (20) .
Here, we describe identification and initial molecular characterization of a TPS system in a prototypical ETEC strain. Similar to the other TPS systems described to date, the etpBAC locus supports the secretion of a high-molecular-weight exoprotein. The homology of the proteins encoded at this locus to known TpsA and TpsB proteins predicts that EtpB is an outer membrane transporter (TpsB) required for the secretion of EtpA exoprotein (TpsA). This prediction is supported by our findings that both native EtpA and rEtpA proteins were found predominately in culture supernatants and that cloning and expression of the etpBAC locus were sufficient to export EtpA from a recombinant E. coli strain. Furthermore, based on the homology of EtpC with Hwm1C, a protein previously shown to be involved in the glycosylation of the H. influenzae adhesin HMW1 (35), we predicted that EtpA is also glycosylated. Indeed, in culture supernatants of H10407 and LMG194(pJY019) we were able to identify native EtpA and rEtpA, respectively, using either antibodies which recognize EtpA or DIG-glycan reagents. These findings appear to contradict previous studies which described the first report of glycoprotein production in E. coli, as they suggested that the TibA outer membrane protein is the only glycosylated protein produced by H10407 (56) . However, in the previous studies the workers focused on analysis of whole-cell lysates of H10407 rather than on secreted proteins, and the results may simply indicate that very little of the EtpA glycoprotein remains cell associated when cells are grown under some laboratory conditions. Indeed, we were not able to identify EtpA in outer membrane preparations from the wild-type strain, suggesting that it does not remain tightly associated with the outer membrane.
Interestingly, while production of glycoproteins by eukaryotic cells is essential for a number of important biological processes, glycosylation is now increasingly recognized in prokaryotes, particularly bacterial mucosal pathogens (80, 85) . Several of the bacterial glycoproteins described to date, including TibA (55, 56) , the related E. coli autotransporter AIDA-I (8, 53), HMW1 (35) , and a 40-kDa Chlamydia trachomatis major outer membrane protein (52) , promote adherence to epithelial cells, and in each instance modification of the protein by glycosylation is required to demonstrate the adherence phenotype. Our studies confirmed that EtpC is required for glycosylation of EtpA, similar to the previously described system in H. influenzae (35) . Interestingly, the effect of glycosylation on EtpA-mediated adherence appears to be quite complex. Similar to previous reports of the importance of glycosylation in the adherence phenotype, etpC was required for adherence when Caco-2 intestinal monolayers were used as the target. In contrast, the etpC mutant was shown be significantly hyperadherent compared to the wild-type strain when HCT-8 intestinal cells were employed, suggesting that glycosylation may modulate binding to different molecules on the surfaces of different cell lines. Therefore, while the etpBAC locus may have many similarities to previously described TPS operons, the studies described here revealed important differences in the biology of the different exoprotein adhesin molecules.
The predicted EtpA peptide sequence contains at its aminoterminal end a putative secretion module associated with other TpsA exoproteins, including FHA, a 230-kDa adhesin of B. pertussis. The recent determination of the crystal structure of the filamentous hemagglutinin secretion domain (17) provides insight into the possible mechanism of export via TPS, suggesting that this region is probably involved in formation of the ultimate ␤-helical structure of the TpsA proteins. The highly conserved Asn-Pro-Asn-Gly motif found in this region of EtpA, which is essential for secretion of other TpsA proteins (36, 82) , may be involved in stabilization of the ␤-helix through formation of type I ␤-turns (17) .
The carboxy-terminal portion of EtpA is comprised of multiple repeat regions. While a combination of intragenic duplication and recombination is thought to underlie the formation of repeats (2), the molecular significance of the repeat regions in EtpA is not clear yet. Repeat regions of proteins are often involved in protein-protein interactions. Indeed, the passenger domain of the ShdA autotransporter of Salmonella enterica serovar Typhimurium has repeat regions in the carboxy-terminal region of the molecule which are involved in its interaction with fibronectin (49) .
The homology of EtpB to the afimbrial adhesin Enf from enteroaggregative E. coli serotype O111:H12 led us to investigate whether EtpB had similar properties. Like Enf, the cloned recombinant EtpB outer membrane protein was able to promote adherence to epithelial cells. Together, these findings indicate that EtpB (and perhaps Enf) may have two functions, transporting cognate TpsA exoproteins and functioning independently to promote adherence. Adherence to epithelial cells plays an important role in the pathogenesis of many mucosal pathogens, and many organisms possess multiple adhesins (65) . Here we found that a newly identified TPS system of a prototypical ETEC strain contributes to the interaction of ETEC with target epithelial cells. Our findings that an isogenic etpA mutant strain was demonstrably less adherent than the parent organism and that antibodies raised against recombinant EtpA prevented adherence to cultured epithelial cells strongly suggest that this exoprotein contributes to the adherence phenotype observed in vitro. However, the precise role of the etpBAC locus and the role of the EtpA exoprotein remain undefined. Indeed, the present studies were complicated by the fact that the expression of known fimbrial adhesins, such as CFAI, may not be optimal under the conditions which we employed.
The mechanism by which EtpA might facilitate adherence is not obvious from the present data. Indeed, the role played by FHA, an homologous TpsA adhesin from B. pertussis, is actually quite complex. FHA, which can be found on the bacterial surface and in the external milieu (21), appears to play a multifunctional role in adherence of B. pertussis to host cells, binding to multiple ligands via different functional domains, including binding to lactosylceramide (71) via the carbohydrate binding domain, to sulfated glycoconjugates via the heparin binding domain (37) , or to the integrin CR3 via its RGD sequence (73) .
Like the recently described eatA autotransporter gene, the etpBAC locus also resides on the pCS1 virulence plasmid of ETEC strain H10407. Several lines of evidence support this conclusion. First, DNA sequencing of the etpBAC locus showed that immediately downstream of etpC is an IS1414 copy bearing an EAST1 gene which was previously found on pCS1 in H10407 (90) . In addition, H10407-P, which lacks pCS1, was negative for etpA as determined by PCR, Southern blotting, and colony hybridization studies. Finally, both blotting and detection of concentrated supernatant proteins from H10407-P with either anti-rEtpA.6H antibodies or DIG-glycan reagents failed to detect the high-molecular-weight EtpA protein.
Conjugal transfer of pCS1 (91) , which contains the etpBAC locus as well as CFAI, heat-stable enterotoxin, and EatA genes (68), may account for the relatively high prevalence of the etpBAC locus in CFAI-expressing strains. The finding that there are potential mobility elements adjacent to this locus may account for its identification in ETEC strains having multiple CF types.
The studies described here, along with other recently described studies of new potential virulence loci of ETEC, highlight the previously unappreciated complexity of the ETEC genome and suggest that there is much to be learned about the pathogenesis of this organism. While the precise role of the etpBAC locus in the pathogenesis of ETEC remains to be completely defined, this locus is an enticing target for further investigation given the apparent structural and functional homology of its encoded proteins to established virulence molecules that have recently proven to be valuable in development of vaccines for other pathogens.
